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Abstract: Nanostructured hydroxyapatite (HA) is a new class of biocompatible fillers which has been
recently utilized in bio hybrid materials by virtue of its excellent tissue bioactivity and biocompatibility.
However, the need for higher thermal stability, solubility, surface bioactivity, radiopacity, and
remineralization ability suggests a divalent cation substitution of HA for use in light curable dental
restorative composites. In this work, structural and optical properties of Sr-doped hydroxyapatite
were studied using first-principle calculations based on density functional theory (DFT). Next,
Sr-doped hydroxyapatite (HA) was prepared via a new ionic liquid-assisted hydrothermal (ILH) route.
Samples were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM)/energy
dispersive spectroscopy (EDS), Fourier transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), dynamic light scattering (DLS), Brunauer–Emmett–Teller (BET) surface area
analysis, and cell viability. The obtained experimental data showed that the nucleation and crystal
growth process controlled by [BMIM]Br molecules results in uniform products with small and regular
particles and high specific surface areas. Finally, cytotoxicity tests showed that the as-prepared
Sr-doped HA nanoparticles have good biocompatibility (≥91%), confirming their potential for use in
photo-curable dental restorative composites.
Keywords: Sr-doped hydroxyapatite; ionic liquid; hydrothermal; biocompatibility; DFT calculations
1. Introduction
Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is one of the most promising bioactive materials for the
production of artificial bone grafts and teeth joints with good osteoconductive and biocompatible
properties for biomedical applications [1–3]. In order to explore the effects of calcium substitution by
metals in synthetic HA, various works have already been published [4–7]. The substitution of divalent
cations, such as Sr for Ca, in the lattice structure of HA modifies its thermal stability, solubility, and
textural properties, as well as its surface reactivity. Moreover, these substitutions can also significantly
promote the biological response, radiopacity, and remineralization ability of pure HA for dental
restorative composite applications [8–12]. Several in vitro studies demonstrated that collagen type I
production and remineralization of caries lesions can be facilitated by the release of strontium from
dental composites [13,14].
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To synthesize hydroxyapatite nanostructures, several approaches have been reported, such as
chemical precipitation [15], microwave assisted synthesis [16,17], mechano-chemical synthesis [18],
micro-emulsion [19], and sol-gel [20]. Among these, the hydrothermal method has been considered as
one of the most favorable methods to prepare HA nanostructures due to the possibility of achieving
highly crystalline products, high efficiency, relatively simple and cost-effective synthesis, controllable
morphology, and a Ca/P ratio close to stoichiometric HA [21,22]. Furthermore, due to the potential
formation of nanostructures with tunable morphology, lower agglomeration, and higher surface area,
organic surface modifiers have been used in the synthesis of nanoparticles [23,24]. Ionic liquids (ILs) have
recently been widely employed in the preparation of inorganic materials with unique characteristics
because of their desirable chemical and physical properties, such as high ionic conductivity, high
polarity, and low toxicity [25–27]. Ionic liquids can function as either templating agents or for
capping/morphology-controlling. Thereby, they have the ability to control the nucleation and growth of
the nanostructures, thus inhibiting the aggregation of the resultant nanoparticles through electrostatic
interaction (due to their intrinsic charge), steric hindrance (by alkyl substituent), and electro-steric
stabilization (due to the amphiphilic structure of ILs) [28,29]. In recent years, modified hydro- and
solvo-thermal synthesis using ILs were applied to synthesize various inorganic materials [30–34].
The results have revealed that the presence of an ionic liquid as a co-solvent and capping agent
allows preparation of nanoparticles with desired physical and structural properties. To the best of our
knowledge, hardly any studies were devoted to IL-assisted hydrothermal preparation of Sr-doped
HA nanostructures. In this work, Sr-doped HA nanoparticles were successfully synthesized via an
IL-assisted hydrothermal method and the phase purity, microstructure, and biocompatibility of the
as-prepared products were comprehensively investigated. Moreover, for comparison, Sr-doped HA
was also synthesized via the conventional hydrothermal (CH) route (without IL-based capping agents).
2. Experimental Procedure
2.1. Materials Synthesis
Strontium nitrate (Sr(NO3)2), Calcium nitrate (Ca(NO3)2·4H2O), diammonium hydrogen
phosphate ((NH4)2HPO4), ionic liquid [BMIM]Br, and ammonium hydroxide (NH4OH) were purchased
from Sigma-Aldrich and used without further purification. The HA nanoparticles were synthesized
by an IL-assisted hydrothermal method. Ca(NO3)2·4H2O, with an appropriate amount of strontium
nitrate (Sr concentration: 5 mol%) and (NH4)2HPO4 were separately mixed with double distilled water
with a Ca/P ratio of 1.67. In the calcium containing solution, 1.5 mmol [BMIM]Br ionic liquid was
added as a capping agent. A NH4OH solution was added gradually to the phosphate solution to
adjust the pH level to 8. After continuous stirring for 10 min, the obtained solution was transferred to
a Teflon container autoclave, placed in the furnace, and heated for 12 h at 180 ◦C. Finally, the obtained
precipitates were washed and dried at 80 ◦C and further calcined at 600 ◦C for 2 h in air.
2.2. Models and Computational Details
All calculations were performed based on first-principles DFT using the Cambridge Serial Total
Energy Package (CASTEP), as implemented in Materials Studio [35]. The exchange-correlation
interactions are treated at the generalized gradient approximation (GGA) level, employing the
Perdew–Burke–Ernzerhof (PBE) functional [36]. The Ca 3s2 3p6 4s2 electrons, P 5d2 6s2 electrons,
O 2s2 2p4 electrons, H 1s1 electrons, and Sr 4s24p65s2 electrons were treated as valence electrons. In this
study, a unit cell modification suggested by Mostafa et al. [37] was employed for HA. Brillouin-zone
integrations were performed using Monkhorst and Pack k-point meshes (3 × 4 × 4) to obtain the
accurate density of the electronic states [38–41]. The kinetic energy cutoff for wave function expansion
was 340 eV and the self-consistent field (SCF) tolerance was set at 10−6 eV/atom. The convergence
criterion of total force acting on each atom was considered as less than 0.01 eV/Å. The maximum
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displacement and stress were 10−4 nm and 0.02 GPa, respectively. The standard deviations were all
less than 1%, which can confirm the reliability of our calculations for both crystal structures.
2.3. Materials Characterization
All samples were characterized using Fourier transform infrared spectroscopy (FTIR, Perkin
Elmer Spectrometer, Waltham, MA, USA), X-ray diffraction (XRD, Inel, EQuniox 3000, Stratham,
NH, USA, with Cu Kα radiation, λ = 0.154 nm), scanning electron microscopy (SEM/EDS, Seron
Technologies AIS2100, Uiwang-si, Korea), transmission electron microscopy (TEM, Philips EM 208S,
Beaverton, OR, USA), and N2 physi-sorption (Micromeritics ASAP 2010, Norcross, GA, USA). Moreover,
for determining particle size distributions via dynamic light scattering (DLS), a Malvern Zetasizer
Nano S (Malvern, UK) was used. Powders were dispersed in ethanol and sonicated for 20 min prior to
the latter measurement.
2.4. Cell Viability Measurements
To evaluate the cytotoxicity of the as-synthesized sample, a breast cancer cell line (MCF-7) was
used according to our previous work and the ISO 10993-5 protocol [42,43]. The MTT assay was used
to determine the proliferation rate of the MCF-7 cells in the presence of extract powder. The powder
suspension containing 0.1 g of powder was placed in 1 mL of culture medium and kept at 37 ◦C for
predetermined time intervals. After 3, 7, and 14 days, the media were collected for use in a cellular
test. The cells were cultured in RPMI with 10% (v/v) fetal bovine serum (FBS-serum, Gibco, Germany)
100 U·mL−1 penicillin and 100 µg·mL−1 streptomycin and then incubated at 37 ◦C in a humidified
atmosphere in the presence of 5% CO2. The cells were cultured into a 96-well microtiter plate (Nunc,
Denmark) at a density of 1 × 104 cells/well. After 24 h, the culture medium in each well was removed
and replaced by 90 µL extract powder plus 10 µL FBS. The medium was removed after 24 h and
then 100 µL of 0.5 mg·mL−1 MTT (Sigma, USA) solution was added into each well. The cells were
incubated for 4–5 h at 37 ◦C. The blue dark formazan crystals were observed and then dissolved by
adding 100 µL of isopropanol (Sigma, USA) per well. The plate was incubated for 20 min before
absorbance measurement.
3. Results and Discussion
The hexagonal primitive cell of doped and pure HA and the XRD patterns of the as-prepared
Sr-doped HA samples synthesized via conventional and IL-assisted hydrothermal methods are shown
in Figure 1. The results confirm the formation of the HA phase and all the diffraction lines correspond
to the hexagonal structure of HA, according to the JCPDS card 09-0432. The hexagonal primitive cell of
HA consists of tightly bonded PO4 tetrahedral units, two types of Ca atoms, and OH groups (44 atoms
per unit cell with space group P63/m) [44].
Due to the non-physical duplication of each OH group by the m plane, the symmetry was reduced
to the P63 space group by removing two of the OH groups and placing the other two along the c-axis.
This modification changes the space group to P63 and has been used before in many theoretical studies
of HA [45,46]. The crystal structures of HA and Sr doped-HA with space group P63 are illustrated
in Figure 1a2, a3. Furthermore, the lattice constants of the as-prepared Sr-doped and pure HA are
calculated using XRD data and DFT calculations, listed in Table 1. The estimated lattice constants are
in good agreement with earlier reports [9,10,47]. As expected, the larger atomic radius of Sr, compared
to Ca, causes an increase in the lattice constants for the Sr doped-HA sample, compared to pure HA.
A close inspection reveals that all the peaks ascribed to HA shift to lower 2θ values for the Sr-doped HA
compound. According to Vegard’s law, if the lattice parameter increases in the presence of a dopant,
then Sr ions enters the lattice of HA and cause lattice expansion. In other words, the large radius Sr ions
(i.e., larger than that of Ca ions) can be the substitutes for Ca ions, resulting in the lattice distortion [48].
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Table 1. Experimental and computational calculated unit cell parameters of the as-prepared products.
Calculated Data
Cell Parameters
a = b (Å) c (Å)
Sr-doped HA (IL-assisted HT) 9.5704 6.9980
Sr-doped HA (Conventional HT) 9.5812 7.0502
Pure HA (IL-assisted HT) 9.402 6.850
Sr-doped HA (Computational method) 9.6590 7.1521
Pure HA (Computational method) 9.6893 6.9762
To further study the underline physics of the elemental substitution, the density of states (DOS)
for Sr-HA were calculated. As presented in Figure 2a, the top of the valence band ranging from
−8 eV to 0 eV is almost exclusively contributed by oxygen p orbitals, while calcium d states are main
constituents of conduction band. Due to substitution of Ca ions with Sr, the profile and peak intensity
of the conduction band is slightly changed due to difference between the d state energy of calcium
and strontium.
The optical properties of the fillers used in light-curable dental composites is considered as
a primary factor affecting curing depth, which is proportional to the physical properties and longevity
of restorations. To investigate the optical characteristics of Sr-HA under illumination, we computed
the energy-loss spectra by converting the computed complex dielectric functions [49–51].
Accordingly, the energy loss function depicted in Figure 2b shows that doped apatites have
a strong plasma frequency peak at approximately 18 eV. However, weak energy loss in the range of
355–415 nm (∼3–3.5 eV) specifies that these fillers can provide an increased curing depth when they
are used in a UV-LED cured dental composite.
Moreover, powders obtained via the IL-assisted approach show a relatively higher crystallinity
compared to the other synthesis method. Materials with higher crystallinity (fewer crystal defects)
result in lower photon a sorption in the UV-Vis regi n, which is an important p ram ter f r light curable
dental composites, leading to effective absorption of photo-initiators. The average crystallite size of the
products was estimated using the Scherrer formula and applied to the main XRD peaks [52–54], which
reveals that the sample obtained via the ILH route (about 35–42 nm) has a lower average crystallite
size compared to the sample prepared using the CH method (about 68–75 nm), which is caused via the
role of IL in controlling the growth process.
The morphology and microstructure of the as-synthesized products were characterized using SEM
(as shown in Figure 3). The IL-derived product consists of uniform spherically shaped particles with
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sizes ranging from 100 to 200 nm. The metal atom coordination and surrounding of the particles with IL
molecules as chelating and surface-passivating ligands cause the homogenous metal distribution and
kinetic control of the particle growth. This leads to homogenous primary micro-particles and a narrow
size distribution, without significant agglomeration after the calcination process. This in turn results in
a high surface area (about 51.3 m2·g−1), which is consistent with the Brunauer–Emmett–Teller (BET)
analysis with a type IV adsorption classification (presented in Figure 4). The significant surface area
(about 50 m2/g) closely corresponds to the estimated small crystallite size of 30–40 nm, as determined
from XRD. This is easily calculated from the relation between non-porous particle size (assumed
spherical) and surface area, as follows: A (in m2/g) = 6000/(ρD), with ρ as the material density in g/cm3
and D as the particle diameter in nm. This immediately leads to the conclusion that the particles,
as observed in SEM consist, of loose aggregates of a small number of non-porous crystallites.
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In contrast, the sample prepared without IL shows irregular morphology with higher particle size
(100–350 nm, as seen in Figure 3a) and massive agglomeration, leading to a lower surface area (about
37.1 m2·g−1).
Based on the above observations, it can be concluded that the addition of [BMIM]Br plays a key role
in the formation of the smaller and regular spherical nanoparticles of HA powders with mesoporous
structures. Accordingly, the main cations [BMIM]+ can serve as capping agents and adsorb on different
faces of crystals to reduce the surface energy of the polar planes, resulting in low-dimensional particles
with a well-defined morphology. Moreover, the [BMIM]Br mainly acts as a crystal growth modifier,
hereby controlling the ion diffusivity of the solution and the growth rate on different crystal surface
planes, leading to the isotropic growth of nanoparticles with a uniform spherical shape (Figure 5b).
Furthermore, the reaction was found to occur rather fast in a solvent with [BMIM]Br and the driving
force would be pretty high due to the low interface tensions of the ionic liquid, thus resulting in higher
nucleation rates and the formation of smaller nanoparticles [25,26,30]. The relatively larger surface area
and the mesoporous architecture of the prepared sample via the ILH method can provide more active
sites for adsorption and interaction of surrounding molecules, reinforcing obtained dental composites
more effectively.
According to the DLS measurements (Figure 5c), the average hydrodynamic particle size for
IL-assisted hydrothermal (ILH) and conventional HT-derived samples was estimated at about 47
and 89 nm, respectively. It clearly shows a narrow size distribution for the IL-assisted method in
comparison with the other preparation method. Moreover, the average hydrodynamic size of the
nanoparticles measured by DLS is consistent with the TEM results. Bimodal size distributions were
observed for the conventional hydrothermal-prepared sample, whereby the higher particle-size peak
corresponds to clusters and the aggregation of smaller particles. Again, the presence of IL during the
synthesis is important to achieve well dispersed nanoparticles and allows for the kinetically controlled
growth of crystal faces of nanocrystals.
The FTIR spectrum (Figure 6a) showed the presence of OH, HPO42−, and PO43− absorption bands,
confirming the formation of HA obtained via the ILH method. Prominent peaks in the measured
range of 400–4000 cm−1 were assigned to the bending vibrations mode (470, 566, and 603 cm−1), the
non-degenerated symmetric stretching mode (961 cm−1), and the triply degenerated stretching mode
(1035–1091 cm−1) of the P-O bonds. The peaks at 632 and 3598 cm−1 correspond to the stretching
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vibration of OH− ions in the HA lattice, while the weak broad bands at 3300–3500 cm−1 and 1648 cm−1
are attributed to the adsorbed water [55–58].
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UV-LED cured dental composite. According to experimental results, the as-synthesized product 
indicated a significant surface area (about 50 m2/g) and an acceptable biocompatibility (greater than 
91%). Therefore, the as-prepared Sr-doped HA nanoparticles present good potential for using in UV-
LED curable dental restorative composites. 
i r . ll i ilit f t l i I - i t t l t , f iff t
ri s f ti , t ◦ , s s r ss .
4. Conclusions
In this work, Sr-doped HA nanoparticles was synthesized via a modified hydrothermal route with
the assistance of [BMIM]Br ionic liquid and the resultant products were comprehensively characterized.
The computational study shows that Sr-doped HA possessed weak energy loss in the range of
355–415 nm (∼3–3.5 eV), which can provide an increased curing depth when it is used in a UV-LED
cured dental composite. According to experimental results, the as-synthesized product indicated
a significant surface area (about 50 m2/g) and an acceptable biocompatibility (greater than 91%).
Therefore, the as-prepared Sr-doped HA nanoparticles present good potential for using in UV-LED
curable dental restorative composites.
Author Contributions: Conceptualization, K.M. and A.A.S.A.; Methodology, K.M.; Software, K.M.; Validation,
A.A.S.A., D.P.; Formal Analysis, K.M.; Investigation, K.M.; Resources, A.A.S.A. and K.M.; Data Curation, K.M.;
Writing-Original Draft Preparation, K.M.; Writing-Review & Editing, A.A.S.A. and D.P.; Visualization, K.M.;
Supervision, A.A.S.A.; Project Administration, A.A.S.A.; Funding Acquisition, A.A.S.A.
Funding: This research received no external funding.
Acknowledgments: The authors would like to acknowledge the Color & Polymer Research Center (CPRC) for
their support in this project.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Turon, P.; del Valle, L.J.; Alemán, C.; Puiggalí, J. Biodegradable and biocompatible Systems Based on
Hydroxyapatite Nanoparticles. Appl. Sci. 2017, 7, 60. [CrossRef]
2. Wahl, D.A.; Czernuszka, J.T. Collagen-hydroxyapatite composites for hard tissue repair. Eur. Cell. Mater.
2006, 11, 43–56. [CrossRef] [PubMed]
3. Mohammadi Hafshejani, T.; Zamanian, A.; Venugopal, J.R.; Rezvani, Z.; Sefat, F.; Saeb, M.R.; Vahabi, H.;
Zarrintaj, P.; Mozafari, M. Antibacterial glass-ionomer cement restorative materials: A critical review on the
current status of extended release formulations. J. Control. Release 2017, 262, 317. [CrossRef] [PubMed]
4. Dasgupta, S.; Bandyopadhyay, A.; Bose, S. Zn and Mg Doped Hydroxyapatite Nanoparticles for Controlled
Release of Protein. Langmuir 2010, 26, 4958–4964. [CrossRef] [PubMed]
5. Fakharzadeh, A.; Ebrahimi-Kahrizsangi, R.; Nasiri-Tabrizi, B.; Basirun, W.J. Effect of dopant loading on the
structural features of silver-doped hydroxyapatite obtained by mechanochemical method. Ceram. Int. 2017,
43, 12588–12598. [CrossRef]
6. Ciobanu, C.S.; Popa, C.L.; Predoi, D. Cerium doped hydroxyapatite nanoparticles synthesized by
coprecipitation method. J. Serb. Chem. Soc. 2016, 81, 1–14. [CrossRef]
Materials 2019, 12, 2339 9 of 11
7. Tayebi, L.; Moharamzadeh, K. Biomaterials for Oral and Dental Tissue Engineering; Woodhead Publishing:
Shaston, UK, 2017; Chapter 5; pp. 65–84.
8. Özbek, Y.Y.; Bas¸tan, F.E.; Üstel, F. Synthesis and characterization of strontium-doped hydroxyapatite for
biomedical applications. J. Therm. Anal. Calorim. 2016, 125, 745–750. [CrossRef]
9. Terra, J.; Dourado, E.R.; Eon, J.G.; Ellis, D.E.; Gonzalez, G.; Rossi, A.M. The structure of strontium-doped
hydroxyapatite: An experimental and theoretical study. Phys. Chem. Chem. Phys. 2009, 11, 568–577.
[CrossRef]
10. Mardziah, C.M.; Sopyan, I.; Ramesh, S. Strontium-doped hydroxyapatite nanopowder via sol-gel method:
Effect of strontium concentration and calcination temperature on phase behavior. Trends Biomater. Artif. Organs.
2009, 23, 105–113.
11. Li, Y.; Luo, E.; Zhu, S.; Li, J.; Zhang, L.; Hu, J. Cancellous Bone Response to Strontium-Doped Hydroxyapatite
in Osteoporotic Rats. J. Appl. Biomater. Funct. Mater. 2015, 13, 28–34. [CrossRef]
12. Ferreira, M.M.; Brito, A.F.; Ferreira, J.M.F. Doping β-TCP as a Strategy for Enhancing the Regenerative
Potential of Composite-TCP—Alkali-Free Bioactive Glass Bone Grafts. Experimental Study in Rats Materials.
Materials 2019, 12, 4. [CrossRef] [PubMed]
13. Capuccini, C.; Torricelli, P.; Boanini, E.; Gazzano, M.; Giardino, R.; Bigi, A. Interaction of Sr-doped
hydroxyapatite nanocrystals with osteoclast and osteoblast-like cells. J. Biomed. Mater. Res. Part A 2009, 89,
594–600. [CrossRef] [PubMed]
14. Thuy, T.T.; Nakagaki, H.; Kato, K.; Hung, P.A.; Inukai, J.; Tsuboi, S.; Nakagaki, H.; Hirose, M.N.; Igarashi, S.;
Robinson, C. Effect of strontium in combination with fluoride on enamel remineralisation in vitro. Arch.
Oral Biol. 2008, 3, 1017–1022. [CrossRef] [PubMed]
15. Kannan, S.; Lemos, I.A.F.; Rocha, J.H.G.; Ferreira, J.M.F. Synthesis and characterization of magnesium
substituted biphasic mixtures of controlled hydroxyapatite/â-tricalcium phosphate ratios. J Solid State Chem.
2005, 178, 3190–3196. [CrossRef]
16. Xiao, W.; Gao, H.; Qu, M.; Liu, X.; Zhang, J.; Li, H.; Yang, X.; Li, B.; Liao, X. Rapid microwave synthesis of
hydroxyapatite phosphate microspheres with hierarchical porous structure. Ceram. Int. 2018, 44, 6144–6151.
[CrossRef]
17. Hassan, M.N.; Mahmoud, M.M.; Abd El-Fattah, A.; Kandil, S. Microwave-assisted preparation of Nano-
hydroxyapatite for bone substitutes. Ceram. Int. 2016, 42, 3725–3744. [CrossRef]
18. Chaikina, M.V.; Bulina, N.V.; Ishchenko, A.V.; Prosanov, I.Y. Mechanochemical synthesis of hydroxyapatite
and its modifications: Composition, structure, and properties. Russ. Phys. J. 2014, 56, 1176–1182. [CrossRef]
19. Ma, X.; Chen, Y.; Qian, J.; Yuan, Y.; Liu, C. Controllable synthesis of spherical hydroxyapatite nanoparticles
using inverse microemulsion method. Mater. Chem. Phys. 2016, 183, 220–229. [CrossRef]
20. Padmanabhan, S.K.; Balakrishnan, A.; Chu, M.C.; Lee, Y.J.; Kim, T.N.; Cho, S.J. Sol–gel synthesis and
characterization of hydroxyapatite nanorods. Particuology 2009, 7, 466–470. [CrossRef]
21. Yang, Y.; Wu, Q.; Wang, M.; Long, J.; Mao, Z.; Chen, X. Hydrothermal synthesis of hydroxyapatite with
different morphologies: Influence of supersaturation of the reaction system. Cryst. Growth. Des. 2014, 14,
4864–4871. [CrossRef]
22. Zhang, X.; Vecchio, K.S. Hydrothermal synthesis of hydroxyapatite rods. J. Cryst. Growth 2007, 308, 133–140.
[CrossRef]
23. Khalid, M.; Mujahid, M.; Amin, S.; Rawat, R.S.; Nusair, A.; Deen, G.R. Effect of surfactant and heat treatment
on morphology, surface area and crystallinity in hydroxyapatite nanocrystals. Ceram. Int. 2013, 39, 39–50.
[CrossRef]
24. Hernández Ortiz, G.M.; Parra, R.; Fanovich, M.A. Comparative hydrothermal synthesis of hydroxyapatite
by using cetyltrimethylammonium bromide and hexamethylenetetramine as additives. Ceram. Int. 2018, 44,
3658–3663. [CrossRef]
25. Li, Z.; Jia, Z.; Luan, Y.; Mu, T. Ionic liquids for synthesis of inorganic nanomaterials. Curr. Opin. Solid State
Mater. Sci. 2008, 12, 1–8. [CrossRef]
26. Luczak, J.; Paszkiewicz, M.; Krukowska, A.; Malankowska, A.; Zaleska-Medynska, A. Ionic liquids for nano-
and microstructures preparation. Part 1: Properties and multifunctional role. Adv. Colloid Interface Sci. 2016,
230, 13–28. [CrossRef] [PubMed]
27. Zhou, Y. Recent advances in ionic liquids for synthesis of inorganic nanomaterials. Curr. Nanosci. 2005, 1,
35–42. [CrossRef]
Materials 2019, 12, 2339 10 of 11
28. Bernardi, F.; Scholten, J.D.; Fecher, G.H.; Dupont, J.; Morais, J. Probing the chemical interaction between
iridium nanoparticles and ionic liquid by XPS analysis. Chem. Phys. Lett. 2009, 479, 113–116. [CrossRef]
29. Łuczak, J.; Hupka, J.; Thöming, J.; Jungnickel, C. Self-organization of imidazolium ionic liquids in aqueous
solution, Colloids Surf. A: Physicochem. Eng. Asp. 2008, 329, 125–133. [CrossRef]
30. Ren, J.F.; Li, J.Z.; Song, Z.W. Ionic liquid-assisted synthesis of Bi12TiO20 nanostructures and their visible-light
photocatalytic performance. Mater. Technol. 2016, 31, 557–561. [CrossRef]
31. Paszkiewicz, M.; Łuczak, J.; Lisowski, W.; Patyk, P.; Zaleska-Medynska, A. The ILs-assisted solvothermal
synthesis of TiO2 spheres: The effect of ionic liquids on morphology and photoactivity of TiO2. Appl. Catal.
B Environ. 2016, 184, 223–237. [CrossRef]
32. Manukumar, K.N.; Nagaraju, G.; Kishore, B.; Madhu, C.; Munichandraiah, N. Ionic liquid-assisted
hydrothermal synthesis of SnS nanoparticles: Electrode materials for lithium batteries, photoluminescence
and photocatalytic activities. J. Energy Chem. 2018, 27, 806–812. [CrossRef]
33. Manjunath, K.; Yadav, L.S.; Jayalakshmi, T.; Reddy, V.; Rajanaika, H.; Nagaraju, G. Ionic liquid assisted
hydrothermal synthesis of TiO2 nanoparticles: Photocatalytic and antibacterial activity. J. Mater. Res. Tech.
2018, 7, 7–13. [CrossRef]
34. Paszkiewicz-Gawron, M.; Długoke¸cka, M.; Lisowski, W.; Łuczak, J. Dependence between ionic liquid Structure
and mechanism of visible-light-induced activity of TiO2 obtained by ionic-liquid-assisted solvothermal
synthesis. ACS Sustain. Chem. Eng. 2018, 6, 3927–3937. [CrossRef]
35. Clark, S.J.; Segall, M.D.; Pickard, C.J.; Hasnip, P.J.; Refson, M.I.J.P.; Payne, M.C. First principles methods
using CASTEP. Z. Krist. Cryst. Mater. 2005, 220, 567–570. [CrossRef]
36. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett.
1996, 77, 3865–3868. [CrossRef] [PubMed]
37. Mostafa, N.Y.; Brown, P.W. Computer simulation of stoichiometric hydroxyapatite: Structure and
substitutions. J. Phys. Chem. Solids 2007, 68, 431–437. [CrossRef]
38. Sameie, H.; Sabbagh Alvani, A.A.; Naseri, N.; Du, S.; Rosei, F. First-principles study on ZnV2O6 and Zn2V2O7:
Two new photoanode candidates for photoelectrochemical water oxidation. Ceram. Int. 2018, 44, 6607–6613.
[CrossRef]
39. Pack, J.D.; Monkhorst, H.J. Special points for Brillouin-zone integrations—A reply. Phys. Rev. B 1977, 16,
1748–1749. [CrossRef]
40. Sameie, H.; Sabbagh Alvani, A.A.; Naseri, N.; Rosei, F.; Mul, G.; Mei, B.T. Photocatalytic Activity of
ZnV2O6/Reduced Graphene Oxide Nanocomposite: From Theory to Experiment. J. Electrochem. Soc. 2018,
165, H353–H359. [CrossRef]
41. Salimi, R.; Sabbagh Alvani, A.A.; Mei, B.T.; Naseri, N.; Du, S.F. Ag-Functionalized CuWO4/WO3
nanocomposites for solar water splitting. New J. Chem. 2019, 43, 2196–2203. [CrossRef]
42. ISO EN. 10993-5. Biological Evaluation of Medical Devices. Part 5: Tests for In Vitro Cytotoxicity; International
Organization for Standardization: Geneva, Switzerland, 2009.
43. Taherian, M.; Sabbagh Alvani, A.; AShokrgozar, M.A.; Salimi, R.; Moosakhani, S.; Sameie, H.; Tabatabaee, F.
Surface-Treated Biocompatible ZnS Quantum Dots: Synthesis, Photo-Physical and Microstructural Properties.
Electron. Mater. Lett. 2014, 10, 393–400. [CrossRef]
44. Matsunaga, K.; Kuwabara, A. First-principles study of vacancy formation in hydroxyapatite. Phys. Rev. B
2007, 75, 014102. [CrossRef]
45. Yuan, Z.; Li, S.; Liu, J.; Kong, X.; Gao, T. Structural, electronic, dynamical and thermodynamic properties of
Ca10(PO4)6(OH)2 and Sr10(PO4)6(OH)2: First-principles study. Int. J. Hydrogen Energy 2018, 43, 13639–13648.
[CrossRef]
46. Bhat, S.S.; Waghmare, U.V.; Ramamurty, U. First-principles study of structure, vibrational, and elastic
properties of stoichiometric and calcium-deficient hydroxyapatite. Cryst. Growth Des. 2014, 14, 3131–3141.
[CrossRef]
47. Hughes, J.M.; Cameron, M.; Crowley, K.D. Structural variations in natural F, OH, and Cl apatites. Am.Mineral.
1989, 74, 870–876.
48. Yeganeh Shad, M.; Nouri, M.; Salmasifar, A.; Sameie, H.; Salimi, R.; Eivaz Mohammadloo, H.; Sabbagh
Alvani, A.A.; Ashuri, M.; Tahriri, M. Wet-Chemical Synthesis and Electrochemical Properties of Ce-Doped
FeVO4 for Use as New Anode Material in Li-ion Batteries. J. Inorg. Organomet. Polym. Mater. 2013, 23,
1226–1232. [CrossRef]
Materials 2019, 12, 2339 11 of 11
49. Paschotta, R. Encyclopedia of Laser Physics and Technology, 1st ed.; Wiley-VCH: New York, NY, USA, 2008.
50. Li, P.; Fan, W.; Li, Y.; Sun, H.; Cheng, X.; Zhao, X.; Jiang, M. First-principles study of the electronic, optical
properties and lattice dynamics of tantalum oxynitride. Inorg. Chem. 2010, 49, 6917–6924. [CrossRef]
[PubMed]
51. Salimi, R.; Sabbagh Alvani, A.A.; Naseri, N.; Du, S.F.; Poelman, D. Visible-enhanced photocatalytic
performance of CuWO4/WO3 hetero-structures: Incorporation of plasmonic Ag nanostructures. New J. Chem.
2018, 42, 11109–11116. [CrossRef]
52. Patterson, A.L. The Scherrer Formula for X-Ray Particle Size Determination. Phys. Rev. 1939, 56, 978–982.
[CrossRef]
53. Rodrigues, L.R.; Avila, M.A.; Monteiro, F.J.M.; Zavaglia, C.A.C. Synthesis and Characterization of
Nanocrystalline Hydroxyapatite Gel and Its Application as Scaffold Aggregation. Mater. Res. 2012,
15, 974–980. [CrossRef]
54. Sameie, H.; Salimi, R.; Sabbagh Alvani, A.A.; Sarabi, A.A.; Moztarzadeh, F.; Mokhtari Farsi, M.A.; Eivaz
Mohammadloo, H.; Sabbagh Alvani, M.; Tahriri, M. A nanostructure phosphor: Effect of process parameters
on the photoluminescence properties for near-UV WLED applications. J. Inorg. Organomet. Polym. Mater.
2012, 22, 737–743. [CrossRef]
55. Klee, W.E.; Engel, G. Infrared spectra of the phosphate ions in various apatites. J. Inorg. Nucl. Chem. 1970, 32,
1837–1843. [CrossRef]
56. Joris, S.J.; Amberg, C.H. Nature of deficiency in nonstoichiometric hydroxyapatites. II. Spectroscopic studies
of calcium and strontium hydroxyapatites. J. Phys. Chem. 1971, 75, 3172–3178. [CrossRef]
57. Fower, B.O. Infrared studies of apatites. I. Vibrational assignments for calcium, strontium, and barium
hydroxyapatites utilizing isotopic substitution. Inorg. Chem. 1974, 13, 194–207. [CrossRef]
58. Koutsopoulos, S. Synthesis and characterization of hydroxyapatite crystals: A review study on the analytical
methods. J. Biomed. Mater. Res. 2002, 62, 600–612. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
